open ocean, which will affect the sea ice retrieval even for an ice-covered ocean. Simulated brightness temperatures have been used to train a neural network algorithm for the total sea ice concentration, which accounts for these effects. Sea ice concentrations sensed from the SSM/I data using the network and the NASA sea ice algorithm show systematic differences in dependence on cloudiness.
Antartic [Thomas and Heygster, 1996] . The threshold approach for the spectral gradient is applied only over open water or low ice concentrations (--•<15%). A recent study by Oelke [1997] demonstrated the impact of liquid water clouds and the precipitable water also for higher sea ice concentrations.
To study the radiative signature of the polar environment, we combined individual radiation simulation models for the sea ice, ocean, and atmosphere. This integrated model allows us to simulate brightness temperatures for varying surface and atmospheric conditions, including arbitrary ice concentrations and types. From the simulated brightness temperatures the effects on the polarization and spectral gradient ratios due to variations of the atmosphere, ocean, and ice are computed and related to sea ice retrieval. To account for the atmospheric and oceanic influences at arbitrary ice conditions, we derive a neural network-based algorithm for the retrieval of the sea ice concentration.
The Combined Model

Atmospheric Model
The radiative transfer in the atmosphere is generally described by classical or standard radiative transfer theory. Various methods for the numerical solution of this equation have been developed. For the combined model we adopt the atmospheric model of Simmer [1994] , which uses the successive order of scattering method [Liou, 1980] . In the microwave spectrum where the single scattering albedo is rather low, the number of scattering orders to be included is generally less than seven.
The gaseous absorption of oxygen and water vapor is computed with the latest update of an absorption model by Liebe et al. [1993] . The absorption and scattering of nonprecipitating clouds is modeled by Rayleigh theory, and for precipitation, Lorenz-Mie theory is used.
The radiative modeling of the ice-atmosphere or ocean-atmosphere system requires the coupling of the atmosphere and the underlying surface. Both surface models for ocean and ice supply the bistatic scattering coefficients 3/ for a given frequency as function of the polarization (rt, where r and t denote the horizontal or vertical polarization) and the incidence and reflection angles (0 and 0', respectively). Since the atmospheric model is restricted to azimuthally independent problems, 3/is averaged accordingly. The coupling to the atmospheric model is via the surface emission E and reflection R. The surface emission expressed in degrees Kelvin is given by [Peake, 1959] Er ( 
The selection of the zenith angles (0, 0') for the numerical integration is specified by the Gaussian quadrature used to evaluate the integrals in (1) and (2). The above equations for emission are valid for the open ocean surface because the penetration depth of the microwave radiation is very small (tenths of a millimeter) at microwave frequencies. Thus there is no emission from deeper layers. For sea ice and snow the penetration depth is much larger, and thus the emission temperature may vary with depth. To account for this effect, a radiative transfer approach for the emission temperature would be necessary. However, such a procedure is not yet included in the combined model, and the above equation is assumed to be valid for sea ice as well. To account for the sea ice concentration, the emission and reflection from the ice and ocean are weighted by the fractional sea ice cover.
Open Ocean Model
The scattering properties of the open ocean are described by a three-scale model [Schrader, 1995;  M. Schrader and E. Ruprecht, A three-scale model to calculate the reflectivity of a wind-roughened foamcovered sea surface in the microwave frequency range, submitted to Journal of Geophysical Research, 1997] . The first scale is defined by hydrodynamical waves whose radius of curvature is larger than the wavelength of the electromagnetic waves by which the surface is detected. These are primarily gravity waves. The formalism to calculate the appropriate scattering coefficients is given by the Kirchhoff model, assuming specular reflection by the inclined portions of the waves (facet model) weighted by the probability of the occurrence of the slopes [Ulaby et al., 1982] . Owing to the statistical character of this approach to the Kirchhoff model, the probability is expressed in terms of the variances of the slopes of the surface waves. These are calculated from the wave spectrum described by the surface wave model of Bjerkaas These parameterizations take into account the reduction of the slope variance at long wavelengths, which is caused by fetch limitation close to the ice edge. To ensure the conservation of energy for the scattering process, a normalization procedure guarantees that the energy scattered from the surface is not larger than the incident energy from any direction. The second scale is given by the short waves, which would remain in the wave spectrum if the waves of the first scale were removed. These are typically the very short gravity and capillary waves. The first and second scales are separated by the cutoff wavenumber k c, which is determined as a function of the electromagnetic frequency and surface stress. The scattering behavior of the second roughness scale is calculated by an approximation of the small perturbation method. It is assumed that the small-scale ripples are perfectly conducting reflectors and that polarization effects can be neglected. This simplifies the formalism and describes the scattering effects of the ripples in a satisfactory manner, as comparisons with a full polarized model have shown [Schrader, 1995] . The roughness parameter of this component of the model is the variance of the amplitude of the small-scale waves which is determined from the wave spectrum. As was done for the first scale, •7 is incorporated in the model by a parameterization of the form •(u,, •,) = 0.1248u,e -ø'ølø2v.
The scattering due to the second roughness scale leads to a modification of the Fresnel coefficients that describe the reflectivity of each facet of the first scale. The third scale incorporates changes in the reflectivity due to whitecaps and foam streaks and is considered separately. The third scale is assumed to occur on each facet, which leads to a further modifi- 
where ff is the total coverage of foam structures on the water and rfw is the ratio of foam streaks to whitecaps, with rfw = -1. difficulties lead to unacceptably low brightness temperatures when using classical radiative transfer models, for example, for dry snow at higher frequencies [Stogryn, 1986] .
To overcome these problems, the strong fluctuation theory was developed among other approaches. The "many layer strong fluctuation theory" offers the possibility to describe the sea ice and snow by vertical profiles of their microphysical parameters (Table 1) . We selected the model of Stogryn [1986, 1987] as implemented by T. Grenfell [Winebrenner et al., 1992] because it represented best, although not exactly, the observed emissivity of 8-cm-thick gray ice in a comparison study of Winebrenner et al. [1992] . The model calculates the volume scattering in the microwave region between 1 and 100 GHz. The contribution of surface scattering to the emissivity, which is not taken into account with this model, is very small for most ice types. To model the volume scattering by sea ice, the microphysical structure has to be described by a large number of parameters, for example, inhomogeneity size distribution and density, for each layer. This involves many degrees of freedom and the knowledge of parameters which are difficult and costly to measure. Thus it would be desirable to reduce the effective number of input parameters by using relations between them. Several studies have investigated the ice microphysical structure (see Tucker et al. [1992] for a comprehensive compilation). Observed ranges of the input parameters are given in Table 1 . The results of these studies indicate that there is no universal relation between any of these parameters, even for a single ice type. This is at least partly due to the fact that the state of the atmosphere during initial ice formation and later determines the ice structure.
Thus the high variability in the ice structure is partly caused by the high variability of the atmosphere. It follows that, in principle, no reduction of the input parameters can be achieved by using relations without knowing the history of the atmospheric parameters. Sea ice observations were conducted on large multiyear ice floes, but not all input parameters needed for the sea ice model were observed. Only the temperature profile and the thickness of the ice/snow layer were recorded continuously, and there were no observations of the sea ice concentration.
Comparisons to Ground Truth Data
Thus simulations have been carried out for sea ice concentrations retrieved from the SSM/I observations using the NASA sea algorithm [Cavalieri, 1992] . We are aware that this implies possible errors due to atmospheric and oceanic effects (see sensitivity analyses). The parameters of the physical structure of the ice, for example, density, grain sizes, air bubbles, and salinity profiles, have been adopted from measurements taken on a representative multiyear ice floe during the ARKTIS'93 experiment. For the ARKTIS'88 test cases, no sea ice microphysical parameters are available. Thus they have been adopted from the ARKTIS'93 observations with snow density and grain size in- 
Sea Ice Module
The sea ice model has been compared with cases 2-6 ( Table 2) Owing to the low atmospheric temperatures, it is reasonable to assume an ice phase for the simulated clouds. Snow clouds reduce the brightness temperatures due to scattering, while liquid water clouds increase the brightness temperatures due to emission. We found that the simulation of the ice phase gave All simulations for the ice-covered ocean (cases 2-6) yield simulated brightness temperatures at 37 GHz, which are larger than the observed one. Changing the ice input parameters would not lead to better results at 37 GHz, but the differences for the other frequencies would increase. In order to use the model for further studies, we have to correct the brightness temperatures at 37 GHz. Here this is done simply by multiplying the sea ice reflectivity by 2.0 and 1.5 at vertical and horizontal polarization, respectively. These simulations clearly demonstrate the influence of atmospheric clouds on the sea ice retrieval. Especially for the partly ice covered ocean, clouds show a significant impact. Because they are not corrected by a threshold filter approach, the clouds lead to spurious retrievals of sea ice. These results are in agreement with a study of Oelke [1997] , which was limited to liquid-water clouds only.
Sensitivity to Ocean Surface Parameters
The major signal from the surface arises from the sea ice concentration due to the large emissivity difference between ice and water. The changes in Increasing wind speed decreases PR and increases GR (Figure 3) . For a partially ice covered ocean, high wind speeds lead to a higher ice concentration and a shift from multiyear ice to first-year ice, while over the ice-free ocean, no effects on the ice retrieval occur. Compared with these effects, changes in the sea surface temperature and salinity are an order of magnitude smaller and can be neglected.
Sensitivity to Sea Ice Parameters
The parameter intervals used for the sensitivity calculations are defined as about 5% of the observed variance (Table 1) . We find that within these intervals the modeled brightness temperatures vary nearly linearly. The sensitivity analyses are applied to three different ice types with and without a snow layer: dark nilas (thin ice), first-year ice, and multiyear ice. While dark nilas is seldom found on horizontal scales of spaceborne passive microwave sensors, it has been observed with ground-based sensors in field studies.
To account for the frost flowers found on dark nilas, a thin snow layer could be used.
As an example, the input structure of a typical multiyear ice is given in Table 3 . The most important impact on the brightness temperatures originates from changes of the upper ice or snow layer. The most pronounced sensitivities are summarized in Table 4 in order of priority and can be explained as follows: 1. The first sensitivity is snow-free water content (multiyear and thin ice). Because of the high dielectric constant of water and its high absorption, even a small fraction of liquid water in the snow reduces the penetration depth. The high absorption causes high emission (Kirchhoff law), resulting in increased brightness temperatures.
2. The second is snow density and snow grain size (in all ice types). Increased density or particle size means increased scattering, i.e., decreased emissivity. If the density or particle size of the scatterers becomes too high, however, the medium tends to become optically thick. In this case we expect lower sensitivity at higher frequencies, as described below. 3. The third is air bubble diameter (dark nilas with and without snow). In general, the air bubble concentration in dark nilas is very low. Increasing air bubble diameter in the ice increases the scattering and thus decreases the observed brightness temperature, provided that an opaque snow cover is not present.
4. The fourth is salinity (dark nilas with and without snow). Both the dielectric constant and the absorption coefficient of the ice increase with increasing salinity. With a thin snow cover (e.g., dark nilas) this sensitivity decreases at higher frequencies because of the increasing scattering by the snow. A thick snow cover (first-year and multiyear ice) completely suppresses this sensitivity.
Changes of PR and GR due to variations of snow density and grain size are shown in Figure 4 . Increasing the grain size of the lower snow layer (triangles) increases, GR and PR, which mimics a shift from multiyear ice to first-year ice and a decrease of the total ice concentration. In contrast, increasing the grain size of the uppermost snow layer (plus signs) decreases GR and thus mimics a higher fraction of multiyear ice. The estimate of total ice concentration remains almost unchanged because PR is almost unchanged. An increase of the snow density of the upper layer (crosses) decreases PR, which corresponds to a smaller total ice concentration as well as an increased fraction of multiyear ice. Note that the reference state (letter R) of our simulated multiyear ice is between the first-year and multiyear tie points. This is not necessarily a limitation of the ice model or the specified input data. The tie points are defined from satellite observations, which represent the largescale state of the sea ice, including all variability of the snow and ice microphysical structure. The simulated reference state represents a local observation. Note that the drop of GR for increasing snow grain size of the top snow layer shifts the reference point significantly closer to the multiyear ice point.
5.
Retrieval of Sea Ice Concentration
The sensitivity analysis shows that clouds and wind speed have a significant impact on PR and GR. This will affect the retrieval of sea ice based on both ratios, as, for example, in the NASA ice algorithm. 
